the incorporation of i-r3H]Ser into the chloroform-soluble produd, 3-ketosphinganine. Addition of NADPH to the assay system resulted in the conversion of 3-ketosphinganine to sphinganine. The apparent K,,, for Ser was approximately 1.8 mM. l h e enzyme exhibited a strong preference for palmitoyl-COA, with optimal activity at a substrate concentration of 200 j~. Pyridoxal 5'-phosphate was required as a coenzyme. l h e pH optimum was 7.6, and the temperature optimum was 36 to 40'C. Enzyme activity was greatest in the microsomal fraction obtained by differential centrifugation and was localized to the endoplasmic reticulum using marker enzymes. l w o known mechanism-based inhibitors of the mammalian enzyme, L-cycloserine and 8-chloro-L-alanine, were effective inhibitors of enzyme activity in squash microsomes. Changes in enzyme activity with size (age) of squash fruit were observed. l h e results from this study suggest that the properties and catalytic mechanism of Ser palmitoyltransferase from squash are similar to those of the animal, fungal, and bacterial enzyme in most respects. l h e specific activity of the enzyme in squash microsomes ranged from 0.57 to 0.84 nmol min-' mg-' of protein, values 2-to 20-fold higher than those previously reported for preparations from animal tissues.
Glucosylceramide, the predominant sphingolipid in plants, is present in many, if not all, higher plant tissues and is a constituent of the plasma membrane and tonoplast (refs. in Lynch, 1993) . Glucosylceramide and related sphingolipids are structurally distinct from the more common glycerolipids and are characterized by a long-chain (CI6-Cz4) hydroxy or non-hydroxy fatty acid amide linked to a long-chain base. Sphingolipid long-chain bases commonly found in plants are C~S amino alcohols differing in the number of hydroxyl groups and the number, position, and stereochemical configuration of double bonds (Karlsson, 1970; Cahoon and Lynch, 1991; Lynch, 1993) .
Sphingolipid long-chain base formation is the first step in ' Supported by a grant from the National Science Foundation * Corresponding author; fax 1-413-597-4116.
(DCB 89-03816).
1421 the biosynthetic pathway leading to glucosylceramide and other complex sphingolipids. The formation of the C18 longchain base sphinganine requires two enzymic reactions. The first reaction is the condensation of L-Ser with palmitoyl-COA, catalyzed by Ser palmitoyltransferase (palmitoylCoA:L-Ser-C-palmitoyltransferase [decarboxylating] , EC 2.3.1.50). The product of this reaction, 3-ketosphinganine, is reduced by an NADPH-dependent reaction catalyzed by 3-ketosphinganine reductase (D-erythro-sphinganine:NADP+ 3-oxidoreductase, EC 1.1.1.102) to form sphinganine. These reactions are shown in Figure 1 . The two steps are apparently tightly coupled in vivo because the keto-derivative of the long-chain base is not found in intact tissues (Braun and Snell, 1968; Stoffel et al., 1968a; Memll and Wang, 1986) . Early studies of Ser palmitoyltransferase using preparations from the yeast Hansenula cifferi (Braun and Snell, 1968; Stoffel et al., 1968a; Snell et al., 1970; DiMari et al., 1971) , rat liver (Stoffel et al., 1968a; Stoffel, 1970) , and brain (Braun et al., 1970; Kanfer and Bates, 1970) demonstrated that Ser and palmitoyl-COA are substrates for the reaction, J-ketosphinganine is the immediate product in the absence of NADPH, and pyridoxal 5'-P is required for activity. Ser palmitoyltransferase partially purified from the anaerobic bacterium Bacteroides melaninogenicus was found to have properties similar to the eukaryotic enzyme (Lev and Milford, 1981) .
Using a simplified assay procedure, Merrill and co-workers (Memll, 1983; Memll and Williams, 1984; Williams et al., 1984; Memll et al., 1985) characterized Ser palmitoyltransferase activity in membrane preparations from a range of mammalian tissues and cultured cell lines. In these studies, it was generally observed that the activity of the enzyme reflected the sphingolipid content of the tissue. Consistent with this, Holleran et al. (1990) reported high levels of Ser palmitoyltransferase activity in microsomes from cultured human keratinocytes, corresponding to the high content of sphingolipid in the stratum comeum, the epidermal bamer layer of mammals.
The formation of 3-ketosphinganine is the first committed step in complex sphingolipid synthesis and has been proposed to be the rate-limiting step in animal tissues (Braun et al., 1970; Memll, 1983; Merrill and Wang, 1986; Memll et al., 1988) . Based on the reports of Ohnishi et al. demonstrating a virtual absence of free long-chain base and low levels of ceramide (N-acyl long-chain base) in plant lipid extracts (refs. in Lynch, 1993) , it is likely that this reaction may be Plant Physiol. Vol. 103, 1993 involved in the regulation of the sphingolipid biosynthetic pathway in plants as well. The specificity of the enzyme for acyl-COA molecules of different chain lengths correlates with the sphingolipid long-chain base composition of the respective source of the enzyme (Braun et al., 1970; Memll and Williams, 1984; Williams et al., 1984; Memll et al., 1985; Holleran et al., 1990) , indicating an important role for the enzyme in determining the species of long-chain base synthesized.
Little is known about the biochemistry of plant sphingolipids. Our laboratory has undertaken studies to define and characterize the steps involved in the biosynthesis and tumover of sphingolipids in plants. Here we present the characterization of Ser palmitoyltransferase activity in a plant tissue. This paper represents a complete report of results previously presented in preliminary form (Lynch et al., 1990 .
MATERIALS AND METHODS

Materials
Fruits of yellow summer squash (Cucurbita pepo L. cv Early Prolific Straightneck), 100 to 200 g fresh weight, were obtained from field-grown plants or from local markets. Solvents, inorganic salts, EDTA, glycerol, and biodegradable liquid scintillation cocktail were obtained from Fisher. BSA used as a standard for the protein assay was from Pierce. Precoated TLC plates (silica gel 60, 0.25 mm thickness) were from EM Science. A11 other chemicals, including DTT, pyridoxal5'-P, Ser, different species of acyl-COA, buffers, detergents, inhibitors, and lipids (including sphinganine) were obtained from Sigma. ~-[~H(G)]ser (30 Ci mmol-') was purchased from New England Nuclear.
Microsomal Membrane lsolation
After the peel and the seeds were removed, the flesh of the squash fruit was chopped into 0.5-cm cubes and immediately placed into 1 eq (w/v) of cold homogenizing medium containing 500 m SUC, 50 mM Hepes-KOH (pH 7.8), 5 m EDTA, 2 mM DTT, 0.5% PVP, and 0.1% BSA. The tissue was homogenized using a Polytron PT 20 operated at half-maximum speed for five 30-s bursts. The homogenate was filtered through four layers of damp cheesecloth and centrifuged for 30 min at 12,OOOg. The resulting supematant was centrifuged for 60 min at 105,OOOg. The microsomal pellet was resuspended and homogenized in cold 10 m Hepes-KOH (pH 7.8), 2 mM EDTA, and 4 mM DTT using a Teflon/glass homogenizer and centrifuged for 60 min at 105,OOOg. The resulting pellet was resuspended in cold 10 mM Hepes-KOH (pH 7.8), 2 mM EDTA, 4 mM DTT, and 20% (w/v) glycerol using a Teflon/glass homogenizer. The protein concentration of the suspension was determined using the method of Bradford (1976) . Aliquots of the microsomal membrane suspension were stored at -8OOC for up to severa1 months.
Ser Palmitoyltransferase Assay
The assay procedure used was similar to that described previously and optimized for the squash enzyme. Except where noted, each assay tube contained, in a final volume of 100 pL, 100 mM Hepes-KOH (pH 8.0 at 25OC), 2.5 mM EDTA, 4 m DTT, 50 p~ pyridoxal5'-P, 200 p~ palmitoyl-COA, 2 m ~-[~HlSer (adjusted to a specific activity of 5 pCi pmol-', 1 pCi added to each tube), and 50 to 100 p g of membrane protein. A paired tube was prepared along with each assay tube and contained a11 of the assay components except palmitoyl-COA. This was necessary to account for the recovery of radioactivity in the chloroform extract from a contaminant in the labeled Ser. The amount of contaminant present varied with the lot and the age of the Ser stock. Also, the amount of contaminant recovered in the chloroform was dependent on the assay conditions, in particular the amount of protein added. As such, the radioactivity recovered in extracts from assays lacking palmitoyl-COA or containing heat-inactivated enzyme (microsomes) varied from 80 to almost 400 cpm over the course of many experiments but was extremely consistent within a given experiment.
To perform the assay, a11 components except membrane were added to each tube on ice. The tubes were equilibrated for 2 min at 37OC in a shaking water bath, then membrane was added, and each tube was vortexed briefly to initiate the reaction. After the tubes were incubated for 5 min at 37OC with mild shaking, the reaction was stopped by adding 200 pL of 0.1 N NH,OH. Lipids were extracted by adding 1.5 mL of chloroform:methanol, 1:2 (v/v), to each tube with vortexing and then adding 20 p g of sphinganine carrier (in 20 pL of ethanol), 1 mL of chloroform, and 2 mL of 0.1 N NH40H. After vortexing, the tubes were centrifuged briefly at low speed to facilitate phase separation. The upper phase was removed and the bottom phase was washed twice with 0.8 mL of water, vortexed, and centrifuged each time. After the upper phase was removed from the second wash, 0.8 mL of the lower chloroform phase from each tube was transferred to a 7-mL scintillation vial. The solvent was evaporated under a stream of air, and the radioactivity was measured by liquid scintillation counting using Scintiverse BD cocktail (46% counting efficiency). To calculate enzyme activity, the background radioactivity (from a paired tube containing a11 components except palmitoyl-COA) was subtracted, and the resulting value was converted to nmol of 3-ketosphinganine formed min-' mg-' of protein, taking into account the liquid scintillation counting efficiency, the proportional volume of chloroform counted, the specific activity of the [3H]Ser used, the incubation time, and the amount of protein added. A11 experiments were performed at least twice, and the results shown are the averages of duplicate samples of representative experiments. Typical variation among samples was less than 5%.
ldentification of Assay Product
To identify the product of the reaction, chloroform extracts were applied to precoated silica gel TLC plates and developed in chloroform:methanol:2 N NH, OH (80:30:4, v/v) . Each lane on the TLC plate was divided into 1-cm bands that were scraped and counted in 5 mL of scintillation cocktail. For each assay condition examined, an equal volume of chloroform extract from a paired assay tube lacking palmitoyl-COA was chromatographed, scraped, and counted. The counts recovered in bands of these lanes were subtracted from the counts recovered in the corresponding bands of the sample lanes. The enzymic reduction of 3-ketosphinganine in the assay system was camed out by adding 1.5 m~ NADPH or a NADPH-regenerating system consisting of 4 units of Glc 6-P dehydrogenase, 1 mM Glc 6-P, and 1 mM NADP+ (Braun et al., 1970) . Chemical reduction was accomplished by adding approximately 0.1 mg of NaBH4 after product formation had proceeded for 10 min and allowing the reduction to proceed for 10 min prior to extraction of the assay contents.
Subcellular Localization of Enzyme Activity
Squash fruit homogenate prepared as described above was centrifuged at 6008 for 10 min. The supematant was centrifuged at 12,OOOg for 30 min, and this 12,OOOg supematant was centrifuged at 105,OOOg for 1 h. The pellets from the three centrifugation steps were washed (using an additional centrifugation at higher speed) and, along with the supematant from the 105,OOOg centrifugation, were assayed for Ser palmitoyltransferase activity and marker activities. Cyt c oxidase and antimycin A-insensitive NADH-Cyt c reductase assays were performed essentially as described by Briskin et al. (1987) . Galactolipid content was determined using the method of Roughan and Batt (1968) .
lnhibitor Studies
Microsomal membranes and a11 assay components except Ser (which would compete with the inhibitors) and palmitoyl-COA (which would be degraded in the presence of microsomes) were incubated in the presence of varying concentrations of either L-cycloserine (Sundaram and Lev, 1984) or P-chloro-L-Ala (Medlock and Merrill, 1988) under conditions of time and temperature similar to those used previously. Enzyme activity in treated microsomes was assayed immediately after preincubation by equilibrating at 37OC for 2 min and adding the required substrates. The activity observed following inhibitor treatment was compared with that of microsomes preincubated under identical conditions in the absence of inhibitor.
RESULTS
Characterization of Reaction Product
Ser palmitoyltransferase activity in microsomes isolated from squash fruit was characterized by monitoring the incorporation of [3H]Ser into the chloroform-soluble product 3-ketosphinganine using the assay system described above. To verify that the radioactivity recovered in the chloroform phase was labeled 3-ketosphinganine, the chloroform extracts of assays performed under various conditions were analyzed by TLC (Fig. 2) . Using routine assay conditions, we found that radioactivity in the chloroform phase was predominantly in one band at R p 0.7 that co-migrated with chemically prepared ketosphinganine (Gaver and Sweeley, 1966) . Ten to 15% of the radioactivity was found in a band migrating above ketosphinganine, which was previously reported to be an artifact of ketosphinganine formed during extraction or chromatography (Braun and Snell, 1968; Williams et al., 1984; Merrill et al., 1985) . Including an NADPH-regenerating following assay of Ser palmitoyltransferase activity in squash rnicrosomes. Data are expressed as radioactivity (cpm) recovered in each band at the R F shown after subtracting the radioactivity in the corresponding band from a chromatographed chloroform extract of a paired assay lacking palmitoyCCoA. O, Extract of assay performed under routine assay conditions and in the absence of any reducing treatment; O, extract of assay performed as above in the presence of a NADPH-regenerating system; O, extract of assay performed as above with NaBH4 (1 mg mL-' final concentration) added prior to terminating the assay. The migration of sphinganine (S) and 3-ketosphinganine (KS) standards on the thin-layer plate are indicated. Plant Physiol. Vol. 103, 1993 system in the assay did not alter the amount of radioactivity recovered in the chloroform phase, but the major radiolabeled . Snell, 1968) . Addition of 2 rrw Cys to the assay decreased activity by 59%. Altematively, microsomes were treated with product co-migrated with sphinganine at RF 0.25 (Fig. 2 ).
Direct addition of NADPH (1.5 m) to the assay also resulted in the formation of labeled sphinganine (not shown), whereas NADH (1.8 m) added to the assay was completely ineffective in promoting the reduction of 3-ketosphinganine. Recovery of labeled sphinganine (and not 3-ketosphinganine) following addition of NADPH or NADPH-regenerating system after the assay had progressed for 10 min (not shown) demonstrated unambiguously that 3-ketosphinganine was enzymically converted to sphinganine. Chemical reduction of 3-ketosphinganine was demonstrated by addition of NaBH., prior to termination of the assay and extraction. Virtually a11 of the radioactivity (290%) recovered in the chloroform extract following borohydride reduction co-migrated with sphinganine ( Fig. 2) . These experiments indicated that the assay procedure accurately measured Ser palmitoyltransferase activity. The results are consistent with those from previous studies in mammalian systems (Merrill, 1983; Williams et al., 1984; Merrill et al., 1985) and demonstrate that labeled 3-ketosphinganine is formed in the presence of palmitoyl-COA and [3H]Ser. Enzymic reduction observed in the presence of NADPH is consistent with the activity of 3-ketosphinganine reductase reported previously (Stoffel et al., 1968a (Stoffel et al., , 1968b Stoffel, 1970) . Labeled phosphatidylserine was not detected in any chloroform extracts analyzed by TLC. Evidence for insertion of a double bond in newly synthesized 3-ketosphinganine or sphinganine, giving rise to ketosphingenine or sphingenine, respectively, was not found by TLC, even when assay conditions were modified by adding FAD and other cofactors used in previous studies (Fujino and Nakano, 1971; Hammond and Sweeley, 1973) to promote dehydrogenation.
Assay Requirements
Optimal enzyme activity required a11 of the assay components. Compared to assays performed using heat-killed microsomes to account for radioactivity from the [3H]Ser contaminant, negligible radioactivity was recovered in chloroform extracts when palmitoyl-COA was omitted from assays containing native microsomes. Other assay components were required for optimal activity. Enzyme activity was reduced 49% when buffer was omitted from the assay. Omission of EDTA or DTT had little effect because these two were present in the storage buffer for the microsomes. However, microsomes isolated in the absence of EDTA and DTT and subsequently assayed in the absence of these two components exhibited only 6% of activity observed under standard conditions.
When pyridoxal 5'-P was omitted from assays, activities were 68 to 82% of that for standard assays containing 50 FM coenzyme. The observed residual activities in the absence of added coenzyme varied with the microsomal preparation and presumably reflected the subpopulations of Ser palmitoyltransferase present as the holoenzyme. The requirement for pyridoxal 5'-P was further investigated using Cys, which is known to inhibit Ser palmitoyltransferase activity by forming a thiazolidine compound with the coenzyme (Braun and 10 rxw Cys on ice and subsequently dialyzed against 10 mM Hepes/l mM DTT for 2 h. When we assayed treated microsomes in the presence of varying concentrations of the coenzyme, activity was maximally recovered by the addition of 210 ~L M pyridoxal5'-P.
Characterization of Enzyme Activity
Product formation was proportional to protein added to the assay over the range of 10 to 100 pg. When greater amounts of protein (100-200 pg) were added, activity deviated slightly from linearity, exhibiting marginally lower specific activities. In assays containing 5100 pg of protein, formation of 3-ketosphinganine was approximately linear for at least 10 min, but the rate of formation decreased progressively at longer times. Diminishing activity over time was not attributed to enzyme lability because preincubation of microsoma1 membranes at 37OC for 20 min prior to a 10-min assay exhibited >70% of the activity observed during the first 10 min, whereas product formation between 20 and 30 min of assay was <20% of initial activity. Based on preliminary results demonstrating the hydrolysis of ['4C]palmitoyl-CoA in assays omitting [3H]Ser, this time-dependent decrease in rate may be attributable to substrate (palmitoyl-COA) depletion.
The pH profile for enzyme activity was determined by replacing Hepes buffer with bis-Tris-propane buffer of varying pH to obtain a final value between pH 6.0 and 9.0. Maximum enzyme activity was observed at pH 7.6 with 50% activity observed at pH 6.6 and 8.6, which is indicative of a symmetrical bell-shaped curve over the pH range examined. Hepes buffer (pH 8.0 at 25OC) added in combination with other components in the assay yielded a final pH of 7.6 and, therefore, was used routinely.
The temperature optimum for enzyme activity was 36 to 40OC. Assays performed in the presence of 6 m Ser exhibited an approximately linear increase in activity with temperature between 15 and 35OC, whereas the temperature profile of activity determined using 2 mM Ser was more sigmoidal. Activity decreased sharply at assay temperatures above 42OC.
Substrate Requirements and Kinetic Analysis
Product formation in the presence of varying concentrations of Ser was measured (Fig. 3, inset) , and an apparent K,
for Ser of 1.76 m was calculated from the double-reciproca1 plot (Fig. 3) . This is comparable to the values reported for the enzyme from other sources, which are in the range of 0.3 to 1.1 m (Lev and Milford, 1981; Williams et al., 1984; Merrill et al., 1988; Holleran et al., 1990) . To allow sufficient recovery of radioactivity in the assay extract for accurate measurement of enzyme activity while minimizing the amount of [3H]Ser used, assays were routinely performed using a Ser concentration of 2 rrw and containing 1 pCi of [3H]Ser.
Maximum product formation was observed at a palmitoyl-COA concentration of 200 p~ (Fig. 4) . Higher concentrations of palmitoyl-COA were inhibitory (not shown), with activities at substrate concentrations of 300 and 400 p~ that were 80 and 60%, respectively, of the activity observed in the presente of 200 PM palmitoyl-COA. Inhibition of Ser palmitoyltransferase at high palmitoyl-COA concentrations was observed in assays of the enzyme from mammalian tissues and attributed to substrate inhibition (Braun et al., 1970; Memll and Williams, 1984; Williams et al., 1984) . The specificity of the reaction was determined by substituting acyl-COA molecules of varying chain lengths for palmitoyl-COA in the assay (Fig. 5) . Acyl-COA species other than palmitoyl-COA having saturated chains with an even number of carbon atoms exhibited little activity in the assay, indicating that the enzyme has a strong preference for the CI6 substrate. Pentadecanoyl-COA and heptadecanoyl-COA ex- Effect of palmitoyCCoA concentration on 3-ketosphinganine formation. Assays were performed using 2 mM Ser and varying concentrations of palmitoyCCoA. Assays performed at palmitoyl-COA concentrations >200 p~ exhibited decreased product formation (not shown on the plot). Acyl-COA specificity of Ser palmitoyltransferase. Assays were performed using 200 p~ acyl-COA. Saturated acyl-COA species varying in chain length were tested, as well as palmitoleoyl-COA (1 6c) and palmitelaidoyl-COA (1 6t), monoenoic C l b species having the double bond at C-9 in the cis or trans configuration, respectively. Activity is expressed as total radioactivity (dpm) recovered in the chloroform phase. Numbers in parentheses represent the relative activities, with the activity observed using palmitoyCCoA normalized to 100.
hibited 53 and 16%, respectively, of the activity observed with palmitoyl-COA. However, Cls and CI7 acyl chains are not present in plant tissues and are not natural substrates. Palmitelaidoyl-COA, having a trans double-bond at C-9, was an effective substrate, whereas the cis unsaturated homolog, palmitoleoyl-COA, was not. Although the above results indicated that the enzyme exhibits specificity for palmitoyl-COA, we performed experiments to determine whether other acyl-COA species compete with palmitoyl-COA in the reaction and influence apparent activity. The addition of 100 ~L M lauroyl-CoA (12:0), myristoyl-COA (14:0), stearoyl-COA (1 8:0), or arachidoyl-COA (2O:O) to the assay containing 100 PM palmitoyl-CoA decreased apparent enzyme activity (observed with 100 /IM palmitoyl-COA alone) by 21, 32, 40, and 48%, respectively. This inhibition was not attributable to substrate inhibition by acyl-COA because the total acyl-COA concentration in each case was 200 PM, and similar trends were observed when the palmitoyl-COA concentration was decreased to 50 PM, thus reducing the total acyl-CoA concentration in the assay to 150 PM. The increased inhibition with acyl-COA species of longer chain lengths may reflect the physical properties (relative hydrophobicity) of the acyl-COA molecules or the affinity of the enzyme for different acyl-COA molecules.
Subcellular Localization of Enzyme Activity
The distribution of Ser palmitoyltransferase activity among subcellular fractions obtained by differential centrifugation was determined (Table I ). The same fractions were also assayed for galactolipid content, Cyt c oxidase activity, and antimycin A-insensitive NADH-Cyt c reductase activity. Galactolipid was prevalent in a11 three membrane fractions, indicating fragmentation of the very fragile amyloplasts during homogenization (Shannon et al., 1987) and subsequent sedimentation of plastid membrane fragments in a11 of the membrane fractions. Cyt c oxidase was associated primarily with the 12,OOOg pellet. The distribution of Ser palmitoyltransferase activity did not parallel either of these two markers, indicating that the enzyme is not associated with plastid or mitochondrial membranes. The 105,OOOg pellet (microsomes) exhibited the highest specific activities and similar proportions of the total activities for Ser palmitoyltransferase and antimycin A-insensitive NADH-Cyt c reductase.
The activities of these two enzymes in the other subcellular fractions were also similar (Table I) . Although the respective distributions of the two activities were not entirely congruent, evidence obtained from assays of crude membrane preparations and. homogenates suggested the presence of inhibitor(s) or competing reactions ( e g acyl-COA hydrolases) that may diminish apparent Ser palmitoyltransferase activity associated with the 12,OOOg pellet. Others have reported that NADH-Cyt c reductase activity is not associated exclusively with the ER (refs. in Briskin et al., 1987) . Thus, the results presented in Table I suggest that the enzyme is associated with the ER in plant tissues and validate the use of microsomal membrane preparations for studies of Ser palmitoyltransferase. Marker enzymes for Golgi membranes and for the plasma membrane were not assayed in this study; thus, we cannot rule out the possibility that Ser palmitoyltransferase is associated with these membranes. Detailed studies using highly purified ER and Golgi membranes from rat liver localized Ser palmitoyltransferase activity to the ER (Mandon et al., 1992a) .
Effects of lnhibitors and Other Compounds
Two mechanism-based inhibitors of mammalian Ser palmitoyltransferase, L-cycloserine (Sundaram and Lev, 1984) and P-chloro-L-Ala (Medlock and Merrill, 1988) , were used to determine whether the enzyme from squash uses a similar catalytic mechanism as the enzyme from other sources (Fig.  6) . Preincubation of microsomes with P-chloro-L-Ala for 30 min at room temperature resulted in 50% inhibition of enzyme activity at an inhibitor concentration of 250 ~L M .
Cycloserine was more effective in that preincubation for 30 min on ice resulted in 80% inhibition at 50 ~LM, the lowest inhibitor concentration tested. These relative efficacies are comparable to those observed with enzyme preparations from mammalian tissues (Sundaram and Lev, 1984; Medlock and Merrill, 1988; Holleran et al., 1990) . Inhibition by both compounds was diminished when Ser was included in the preincubation. The results obtained when varying the time and temperature of the preincubation (not shown) were also consistent with previous studies.
The effects of various compounds, including salts, Ser homologs, detergents, solvents, and lipids were also assessed. KCl and NaCl at concentrations as high as 100 mM did not alter enzyme activity. MnC12 or MgC12, when added to assays containing 0.4 mM EDTA (contributed from the membrane preparation), did not alter activity at a concentration of 1 mM, but at a concentration of 10 mM, both divalent cations decreased activity by 87%. In the presence of 0.4 mM EDTA, 0.5 and 2 mM CaC12 decreased activity by 13 and 47%, respectively. Although phosphatidylserine formation by a base-exchange reaction utilizing Ser and phosphatidylethanolamine requires Ca2+ (Moore, 1987) , TLC of the assay products formed in the presence of CaC12 (or MgC12) did not Table I . Distribution of Ser palmitoyltransferase activity among subcellular fractions from squash fruit Subcellular fractions were obtained by differential centrifugation and assayed for Ser palmitoyltransferase (SP Transferase), antimycin Ainsensitive NADH-Cyt c reductase (Cyt c Reductase), Cyt c oxidase (Cyt c Oxidase), and galactolipid as described in "Materials and Methods." Values in parentheses immediately following the values for total activity represent the percentage of total activity recovered in the fraction. Values in parentheses immediately following the values for specific activity (or the ratio of galactolipid to protein) represent the relative specific activity, with the fraction exhibiting the highest specific activity normalized to 100. N D indicates that the activity was not detected when assaved. demonstrate labeled phosphatidylserine. No effect on enzyme activity was observed when assays included 1 m~ spermine, spermidine, or putrescine. Activity in the presence of 2 mM homoserine or 2 m~ Thr was not changed, whereas 2 m~ Ser hydroxamate reduced activity by 77%. Triton X-100, CHAPS, or octylglucoside at a concentration of 0.1% (w/v) in the assay reduced activity by 66, 63, and 53%, respectively. Enzyme activity was decreased by 56% in the presence of 10% (v/v) ethanol. Activity was not altered by the presence of 5 to 50 pg of sphinganine or 1 to 10 Fg of ceramide in the assay, indicating an apparent lack of product inhibition .
SP
Enzyme Activity in Squash Fruit
The specific activity of Ser palmitoyltransferase observed under optimal conditions using different microsomal membrane preparations from squash fruits ranged from 0.57 to 0.84 nmol min-' mg-' of protein. In comparison, Memll et al. (1985) reported specific activities in microsomes from rat tissues ranging from 0.003 to 0.127 nmol min-' mg-' (for pancreas and lung, respectively). The highest reported activity (prior to our studies) was 0.270 nmol min-' mg-' for microsomes from cultured human keratinocytes (Holleran et al., 1990) . Thus, the specific activity in squash microsomes is 2-to 20-fold greater than specific activities reported for Ser palmitoyltransferase in preparations from mammalian cells/ tissues. The validity of this comparison was confirmed by assaying enzyme activity in rat liver. Whereas published specific activities for Ser palmitoyltransferase in rat liver microsomes range from 0.042 to 0.063 nmol min-' mg-' Memll et al., 1985) , we obtained values ranging from 0.055 to 0.080 nmol min-' mg-'.
Assays of microsomes isolated from squash fruit of various sizes indicated that the activity, expressed on the basis of fresh weight, decreased linearly with the size of the fruit (Fig.  7) . The total activity in fruits increased with increasing weight up to approximately 200 g and reached a plateau in fruits weighing more than 200 g (Fig. 7) . The specific enzyme activity (expressed on the basis of microsomal protein) varied by 520% in fruits of different weights (not shown).
In preliminary experiments, Ser palmitoyltransferase activity was detected in microsomal preparations from leeks, bean hypocotyls, fruits of cucumber, apple, and zucchini, potato tubers, and spinach leaves. Efforts to demonstrate enzyme activity in microsomes from rye seedlings were unsuccessful. It was subsequently determined that the preparations from rye contained an endogenous heat-labile inhibitor: adding an equivalent amount of rye microsomes to squash microsomes in the assay decreased product formation by 57%. Similar inhibition of liver enzyme activity was observed in the presente of rye microsomes. The decrease in chloroform-soluble radioactivity did not reflect enhanced degradation of the product: addition of rye microsomes 5 min after initiating the assay and allowing the reaction to proceed for an additional 5 min did not cause any loss of radiolabeled product when compared to assays that lacked rye microsomes and were terminated after 5 or 10 min. Inhibition was not observed when rye microsomes were heated to 7OoC prior to assay. We can only speculate conceming the nature of the inhibition, 
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Fruit Weight (9) Figure 7 . Changes in Ser palmitoyltransferase activity in squash fruit with weight (age). Fruits of different sizes were harvested, weighed, and microsomes were isolated from 10 g of fleshy tissue. The amount of membrane protein recovered and the specific enzyme activity were used to calculate enzyme activity per g fresh weight (top) and total enzyme activity per fruit (bottom) as a function of fruit weight.
but this observation may be of practical value for investigations of Ser palmitoyltransferase in other plant tissues.
DISCUSSION
This report represents the first detailed characterization of Ser palmitoyltransferase activity in a plant tissue. The squash enzyme appears similar to Ser palmitoyltransferase from other sources with respect to temperature and pH optima, kinetics, substrate specificity, and subcellular distribution (DiMari et al., 1971; Lev and Milford, 1981; Williams et al., 1984; Merrill et al., 1985; Holleran et al., 1990) .
The demonstrated requirement for pyridoxal5'-P, the formation of the keto-intermediate in the absence of NADPH, and the relative efficacies of L-cycloserine and /3-chloro-L-Ala to inhibit the reaction suggest similar structural properties and catalytic mechanisms for the enzyme from different sources. A mechanism for this reaction has been proposed, requiring the loss of the a-hydrogen atom and the carboxyl group from Ser and their subsequent replacement by a proton from the medium and a palmitoyl group from the COA derivative (Krisnangkura and Sweeley, 1976) . DNA sequence analysis of the putative gene for Ser palmitoyltransferase, LCBI, cloned from Saccharomyces cerevisiae (Buede et al., 1991 ) predicted a peptide of 558 amino acid residues with a globular, relatively hydrophobic structure having two potentia1 membrane-spanning helical regions. Comparison of Plant Physiol. Vol. 103, 1993 amino acid sequences demonstrated homology to two pyridoxal 5 '-P-dependent enzymes, 5-aminolevulinic acid synthase and 2-amino-3-ketobutyrate COA ligase. The catalytic mechanisms proposed for these three pyridoxal 5'-P-requiring enzymes are similar, corroborating the sequence homology.
The specificity of the enzyme for palmitoyl-COA (Fig. 5) is consistent with the observed preponderance of CIS longchain bases in plant sphingolipids (Cahoon and Lynch, 1991; Lynch, 1993) and is comparable to the specificity reported for most mammalian tissues (Merrill et al., 1985) . Our results indicate an important role for the enzyme in detennining the species (chain length) of long-chain base synthesized in plant tissues, although the composition of the acyl-COA pool accessible to the enzyme may indirectly influence the sphingolipid long-chain base profile. The primary product of the reaction (and accompanying reduction), the saturated C18 long-chain base sphinganine, serves as substrate for N-acylation to form ceramide in vitro . Longchain base modification is thought to occur following Nacylsphinganine formation (Memll and Wang, 1986; refs. in Lynch, 1993) . The apparent lack of evidence for sphinganine modification in our studies, although not conclusive, is consistent with these other reports.
The activity of Ser palmitoyltransferase from squash is the highest reported to date for any microsomal preparation from a complex tissue (Holleran et al., 1990) and is higher than the activity reported for a crude preparation from B. melaninogenicus (Lev and Milford, 1981) and preparations from yeast (based on our calculations from results reported by DiMari et al., 1971) . Presumably, this level of activity is required to maintain the sphingolipid content of the cell membranes and to meet the biosynthetic demands of growth. In this regard, any rapidly expanding plant tissue would be expected to exhibit high rates of sphingolipid synthesis and high Ser palmitoyltransferase activity.
These results suggest severa1 potential mechanisms for regulation of Ser palmitoyltransferase activity in plant tissues. Regulation of the level of enzyme in the tissue is suggested by the relationship between tissue activity and fruit size (Fig.  7) . For squash, the specific activity was relatively constant in microsomes isolated from fruits of different sizes, suggesting a general decrease in cellular membrane per unit weight in the expanding tissue rather than a specific loss of sphingolipid biosynthetic activity. However, we found that the specific activity of Ser palmitoyltransferase in microsomes from etiolated wax bean hypocotyls decreased >50% between 3 and 7 d after germination as the rate of hypocotyl elongation decreased (D.V. Lynch and K.M. Theiling, unpublished data). In both cases, regulation of sphingolipid synthesis appears to involve changes in the levels of Ser palmitoyltransferase. Such changes are related to the relative growth rate of the tissue and presumably serve to maintain the appropriate sphingolipid composition in the plasma membrane and tonoplast during biogenesis of these two membranes.
The apparent absence of product inhibition of enzyme activity by free sphinganine (long-chain base) suggests that the product of the initial steps in sphingolipid biosynthesis does not directly regulate enzyme activity. A priori, such a regulatory mechanism would appear rational, because free long-chain bases are cytotoxic. Free long-chain bases do not inhibit in vitro enzyme activity in membrane preparations from neurons, but they down-regulate Ser palmitoyltransferase when supplied to cells in culture (Mandon et al., 1992b) . This long-term mechanism of regulation may occur in plant tissues under conditions in which ceramide synthesis is inhibited, such as in the presence of mycotoxins .
Quantitative changes in the concentration of palmitoyl-COA (Fig. 4) may influence enzyme activity and sphingolipid synthesis in tissues. The results of experiments demonstrating decreased activity in assays containing palmitoyl-COA and an additional competing acyl-COA species raise the possibility that the composition of the acyl-COA pool in the tissue (accessible to the enzyme) may also influence enzyme activity in vivo. Addition of fatty acids (other than palmitic acid) to cultures of LM cells was shown to inhibit sphingolipid longchain base synthesis, possibly as a consequence of altering the composition of the cellular acyl-COA pool (Memll et al., 1988) .
In recent studies in which microsomes from wax bean hypocotyls were used, we found that unsaturated free fatty acids (at concentrations corresponding to 5-10 mol% of total membrane lipid) inhibited Ser palmitoyltransferase activity. The inhibition could be reversed by addition of BSA to the assay (presumably a consequence of free fatty acids binding to the protein), and BSA added to the assay in the absence of added free fatty acids stimulated, to varying extents, apparent enzyme activity. Note that BSA was shown to increase Ser palmitoyltransferase activity in yeast preparations (DiMari et al., 1971) .
Our results have been reported in preliminary form , and a complete report of the antagonistic actions of BSA and free fatty acids on Ser palmitoyltransferase activity in microsomal preparations from wax bean is in preparation. In preliminary experiments, unsaturated free fatty acids inhibited enzyme activity in squash microsomes and rat liver microsomes. These results raise both speculative and practical points. First, they suggest that any appreciable accumulation of free fatty acids could inhibit Ser palmitoyltransferase and sphingolipid biosynthesis in tissues. Second, the results suggest that the addition of BSA (0.1-0.4 mg mL-' final concentration) to the enzyme assay may be generally useful in improving apparent enzyme activity by scavenging endogenous free fatty acids produced during isolation and handling of membrane preparations. This is especially true when assaying activity in plant tissues with active acyl hydrolases.
Now that Ser palmitoyltransferase activity has been demonstrated and characterized in vitro, the regulation of enzyme activity and sphingolipid synthesis in plant tissues remains to be investigated. In particular, the coordination of the activities of Ser palmitoyltransferase and other enzymes involved in synthesizing phospholipids and sterols, the major lipid components of the plasma membrane and tonoplast, merits investigation. At present, there is little information available conceming the biochemistry and function of sphingolipids in plants. Complex sphingolipids have been suggested to play important biological roles in animals and fungi as structural components of membranes (Karlsson, 1982) and as cell recognition molecules (Hakomori, 1990) . Sphingolipid breakdown products (including long-chain bases) apparently function in signal transduction and cellular regulation in these organisms (Hannun and Bell, 1989; Memll, 1991) . Knowledge of plant sphingolipid metabolism and its regulation will be valuable in efforts to determine the function(s) of these lipids in plants.
